An unusual variant of citrus exocortis viroid (CEV) was detected when an inoculum source from Gynura aurantiaca D.C. was used to infect a hybrid tomato 
Introduction
The ultimate importance of the molecular structure and conformation of viroid RNA in the expression of biological activity is well accepted. Structure and function relationships as well as RNA processing during the synthesis of viroids have been explored with the application of site-specific mutagenesis of infectious cDNA clones (Visvader et al., 1985; Owens et al., 1986; Hammond & Owens, 1987) and chimeric viroid transcripts (Visvader & Symons, 1986; Hammond et al., 1989) . Viroid cDNA constructs containing short sequence duplications in the upper central conserved region have been implicated in the processing of multimeric viroid forms as well as modifying infectivity (Meshi et al., 1985; Visvader et al., 1985; Candresse et al., 1990) . The presence of multiple processing sites has also been proposed (Hammond et al., 1989) .
A series of naturally occurring terminal repeats of 41, 50, 55 and 100 nucleotides unique to the coconut cadangcadang viroid (CCCV) detected during late infection have been viewed as a curiosity for about 10 years (Haseloff et at., 1982; Keese & Symons, 1985 : Keese et al., 1988 . This has been in part because of the absence of any evidence of similar products in other viroid infections although viroids with short terminal repeats have been shown to be highly infectious (Hashimoto & Machida, 1985) .
This report introduces an unusual variant of citrus exocortis viroid (CEV) generated from an isolate (CEVt) replicating in hybrid tomato (Semancik et al., 1993) . The nucleotide sequence and biological properties of CEV D-92 are presented along with a comparative analysis of similar structural features in CCCV. The importance of this variant to the understanding of viroid evolution and RNA processing is considered.
Methods
Virotd culture and purification. Plant materials, Gynura auranttaca D.C., and a hybrid tomato (Lycopersicon esculentum Mill. x L. peruvianum) (line 741505-45, kindly supplied by D. Pratt, University of California at Davis, Calif., U.S.A.) were produced by clonal propagation of rooted cuttings and maintained under standard glasshouse conditions. The indeterminate growth, inflorescence, and fruit clusters of the tomato hybrid reflect traits of the L. peruvianum genome.
Primary inoculations were accomplished by dipping a razor into either ethanol concentrates or 2 M-L1Cl-solnble preparations from phenol extracts and slashing Gynura or by needle puncture of tomato stems. Secondary transmissions involved embedding a tissue piece from primary inoculum sources into the stems of healthy plants. Tip tissues from infected plants consisting of apex, young leaves and stems displaying severe symptoms of dwarfing, leaf epinasty and rugosity were homogenized and nucleic acids extracted as previously reported (Semancik et al., 1988) .
Origin of the enlarged CEV variant. The CEV source was derived from a field isolate of sweet orange on Poncwus trifohata rootstock citrus displaying severe symptoms of exocortis and designated E811 in the University of California at Riverside Citrus Viroid Collection. The isolate was transmitted to citron (Citrus medica L.) then to G. aurantiaca and has been propagated in this herbaceous host for many years. This source of CEV from Gynura provided the nucleotide sequence known as the California isolate, CEV-C, (Gross et al., 1982) .
The hybrid tomato (L. esculentum x L. peruvianum) was inoculated with a partially purified CEV extract from Gynura. This hybrid tomato source has provided tissue as well as cell cultures to our laboratory for over 10 years (Duran-Vila & Semancik, 1982; Marton et al., 1982; Viroid detection and Northern hybridization. Vlroid RNA was detected and isolated by sequential PAGE (sPAGE) (Semancik & Harper, 1984; Rivera-Bustamante et al., 1986) followed by staining with either ethidium bromide before viroid purification or with silver for greater sensitivity in viroid detection. Purified viroids were obtained by electroelution from denaturing gels of the band that contained the circular viroid form. Molecular hybridization to viroid RNA utilized 32P-labelled eDNA probes for CEV (Semancik & Szychowski, 1992) generated from purified viroid templates by the random priming procedure (Maniatis et al., 1982) • Nucleotide sequencing procedure. Full-length CEV D-92 eDNA clones were generated from partially purified nucleic acid preparations using a CEV-specific synthetic oligonucleotide pair complementary to residues 80 to 98 and identical to residues 99 to 117 of CEV-C (Gross et aL, 1982) . First-strand eDNA was synthesized by reverse transcriptase (Visvader & Syrnons, 1985) . The double-stranded DNA was amplified by PCR using Taq polymerase in 2.5 mM-Mg 2+ and a thermocycle regime of 94 °C for 1 rain, 45 °C for 1 min and 72 °C for 2 rain repeated 30 times. The PCR product from several reactions was pooled, purified by electrophoresxs in 2 % low melting point agarose and treated with the Klenow fragment of DNA polymerase I in the absence and presence of all four dNTPs. The blunt-ended product was ligated into dephosphorylated SmaI-digested DNA of the phage M 13mp 18.
All clones were sequenced by the dideoxynucleotide chain termination method (Sanger et aL, 1980) using T7 DNA polymerase (Sequenase version 2.0). To verify the complete sequence of the fulllength CEV D-92 clones, a second set of primers that hybridized to residues 307 to 330 and corresponded to residues 331 to 354 of CEV-A (Visvader et al., 1982) were also employed in the sequencing protocol.
Results

Electrophoretic properties and molecular hybridization with eDNA C E V probes
D u r i n g routine s P A G E analyses for CEV from glassh o u s e -p r o p a g a t e d hybrid tomato, an unusual b a n d was detected in native gels. The relative electrophoretic migration o f the b a n d in denaturing gels containing 8 Murea suggested a viroid-like R N A significantly larger than any previously r e p o r t e d C E V variants. W h e n several t o m a t o sources inoculated with an extract from Gynura containing only CEV were analysed, one o f two patterns emerged. Either a single viroid b a n d o f a p p r o x i m a t e l y 370 nucleotides, typical of the CEV in the inoculum source and designated CEVt (Semancik et al., 1993) , or two viroid-like R N A bands o f a b o u t 370 and 450 nucleotides were observed (Fig. 1 ). Circular and linear forms o f b o t h molecular species characteristic of viroids were detected.
The relationship o f the larger viroid-like c o m p o n e n t to C E V was confirmed by hybridization with a CEVspecific e D N A p r o b e (Fig. 1 ). Both the circular and linear forms o f the 370 and 450 nucleotide viroid forms reacted with equal intensity. The unusually large CEVrelated viroid form was designated CEV D-92 following sequence analysis and the n o m e n c l a t u r e used for the terminal duplications found in C C C V p o p u l a t i o n s (Haseloff et al., 1982; Keese & Symons, 1985) .
Serial passage and symptom expression of C E V D-92
In an attempt to clarify the relationship between C E V infection and the a p p e a r a n c e o f C E V D-92 as well as to possibly reproduce the generation of C E V D-92, different inoculum sources were subjected to serial passage in the hybrid t o m a t o and Gynura. The inoculum sources included CEV extracted from either Gynura or tomato, and the mixture o f CEV and CEV D-92 from tomato. F o u r serial passages were m a d e at a b o u t 2 m o n t h intervals over a period of 9 months.
In Gynura, C E V was expressed from the pure as well as mixed inoculum infections. N o evidence of CEV D-92 was detected in Gynura t h r o u g h o u t the passage series indicating that either Gynura was a p o o r host for the larger viroid form or that C E V D-92 could not effectively compete with C E V in a mixed infection. However, when purified CEV D-92 was e m p l o y e d as an inoculum source, transmission to Gynura was possible (Fig. 2) . In c o m p a r i s o n with the severe reactions o f stunting, leaf epinasty and rugosity, and vein necrosis displayed by Gynura inoculated with CEV, the CEV D-92 variant induced the mildest reaction ever reported for a CEV isolate in Gynura (Fig. 3) .
The hybrid tomato proved to be an excellent host for both CEV and CEV D-92. However, after a mixed inoculation with CEV and CEV D-92, the CEV was lost after the second passage and a pure CEV D-92 source persisted (Fig. 2, lane 2 , right panel) with no marked difference in symptom expression. Thus, the hybrid tomato appeared to be a crucial host for the persistence of CEV D-92 which could in fact display a survival advantage over CEV. A pure CEV infection was never obtained after a mixed CEV and CEV D-92 inoculation.
Nucteotide sequence and structure of CE V D-92
Analysis of four full-length cDNA clones of CEV D-92 indicated that three displayed an identical sequence of 463 nucleotides (Fig. 4) . When compared to CEV-C (Gross et al., 1982) , five nucleotide changes distributed throughout all but the central conserved domain C (Keese & Symons~ 1985) were detected (Table 1) . Two regions from upper residues 138 to 183 (U 1 and U2) and lower residues 184 to 228 (L~ and L~) within the V and T2 domains contained the 92 nucleotide double repeats. Within these repeated sequences all of the clones contained a U ~ A exchange at nucleotide 277 which enables base pairing in what was a terminal loop of CEV. The single difference among the four clones that occurred only once was an A --. G exchange at nucleotide 264. A number of additional exchanges common to all clones are indicated in the non-repeated regions of CEV D-92 (Table 1) in addition to previously reported exchanges in Class A and Class B variants of the Australian isolate (CEV-A) at residues 264 and 50 respectively (Visvader & Symons, 1985) . Framing the area of initiation of the upper repeat of CEV (nucleotides 139 to 145) and the termination of the lower repeat (nucleotides 218 to 223) are similar triplet repeats of -UCG-G-UCG-and -UCG-UCG-, respectively (Fig. 5) . The -UCG-A-UCG-series of bases at the site of the upper repeat in CCCV closely resembles this sequence.
The triplet -UCG-also appears prominently in the division between the two repeated sequences in the T2 loop of CEV (Fig. 5) . The frequency o f -U C Gthroughout the CEV sequence is unevenly weighted (10/12) in the V and T2 domains. The importance of this distribution remains obscure; however, a similar weighted occurrence (4/5) can be found in the T2 domain of (Gross et al., 1982) .
Brackets indicate nucleotide changes shared by all full-length cDNA clones sequenced.
I: Indicates nucleotide changes previously reported (Visvader et al., 1982; Visvader & Symons, 1985) .
CCCV, the only other viroid with a naturally occurring T2 repeat.
Discussion
The exact process of the generation of CEV D-92 is unknown. However, the originating inoculum is the CEV variant (CEVt) selected by the hybrid tomato (Semancik et al., 1993) . It has been impossible to simulate or induce the production of this 92 residue enlarged variant of CEV. Two factors that seem essential for directing the emergence of CEV D-92 were the L. esculentum x L. peruvianum hybrid tomato host and the CEV isolate selected by that host from the CEV population produced in Gynura. The hybrid tomato is not only critical to the derivation of CEV D-92 but favours the replication and accumulation of the 463 nucleotide variant over CEV.
CEV D-92 was never detected in over 20 years of propagating CEV in Gynura. Furthermore, no evidence of CEV D-92 replication was obtained when a mixed CEV and CEV D-92 inoculum source was used in Gynura. It has, nevertheless, been possible to demonstrate the independent transmission of CEV D-92 in Gynura when the primary infection utilized a pure CEV D-92 source. This would indicate that induction of the terminally enlarged CEV may not be a highly restricted or unusual event but rather that replication and accumulation of this variant is subject to unfavourable competition with CEV in some hosts.
In the process of CEV D-92 infection of Gynura, a dramatic moderation in symptom expression was observed. The pattern of interrupted localized mid-vein necrosis constitutes the mildest reaction reported for any CEV isolate in Gynura. The presence of the same nucleotide sequence as CEV, which induces a severe reaction, with only an enlargement in total residue numbers emphasizes once again the importance of conformation in the expression of biological activity in viroids. However, why infection by the enlarged CEV molecule induced the marked decrease in pathogenic response remains in question.
The nucleotide sequence of CEV-C (Gross et al., 1982) differs from that of CEV-A (Visvader et al., 1982) in only four bases at nucleotides 264, 278, 301 and 313. CEV-C has been used as the reference sequence for CEV D-92 since both isolates were derived from the same original source and propagated in Gynura. However, the sequence of CEV D-92 shares residues with CEV-A at equivalent structural positions in three (264, 278 and 301) of the four locations discriminating CEV-A from CEV-C. Thus, the difference between these CEV isolates is minimal.
Consideration must be given to the fact that both the sequence of CE¥-A and that of CEV-C were determined about 10 years ago by direct RNA sequencing. Nevertheless, three of the four full-length CEV D-92 clones sequenced were identical, thus indicating a high degree of homogeneity in the CEV D-92 population and reinforcing a closer relationship with the sequence reported for CEV-A than with that of CEV-C. The actual CEV-A isolate was never employed in these studies, whereas CEV-C can be traced directly to the CEV isolate of origin in these studies.
Inspection of the regions of repeated sequence in CEV D-92 shows that the four nucleotide series -AGCU-immediately precede the start and finish of the upper repeat at residues 132 to 135 and 179 to 182, respectively (Fig.  4) . This positioning supports a model for the possible involvement of a 'jumping" RNA polymerase in discontinuous transcription as suggested for the occurrence of the terminal repeats found in CCCV (Keese & Symons, 1985) . The importance of these four nucleotides in the end loop of the T2 domain is indicated by loss of infectivity with their deletion (Visvader & Symons, 1986) . Thus, the biological expression of CEV may be severely altered by either the absence or the repetition of this four base set suggesting an importance in RNA processing.
The repeated sequences in CEV D-92 begin at almost precisely the right-hand boundary of the Pr region within the V domain, a site implicated in RNA rearrangements between viroids (Visvader & Symons, 1985; Keese et al., 1988) . Thus, pathogenicity can be dramatically altered in the absence of substantial changes in the P domain or the highly variable Pr region of the V domain.
Mobilization of T regions is implied from consideration of viroid sequence homology and characterization of chimeric viroids (Keese & Symons, 1985; Keese et al., 1988) . Direct T2 repetitions in CCCV and now CEV replication may target a processing site activated in RNA exchanges of the T domains between viroids and hence may be important to recombination and evolution in the viroid molecule.
With the appearance of CEV D-92, the similar repeated sequences in the V and T2 domains of CCCV must no longer be considered a curiosity. The coincidences found between the two structures suggest that similar events in viroid processing may have occurred in the generation of both enlarged variants. In the comparison of CCCV and CEV D-92, specific sites are indicated which could be critical to RNA processing or simply reflect regions of reduced structural constraints in agreement with the suggestion of Keese & Symons (1985) .
